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SUMMARY 

Tests have been conducted in the Langley V/STOL tunnel to provide a 
preliminary assessment of possible means for improving the low-speed aerody- 
namic characteristics of advanced supersonic cruise arrow-wing configurations 
and to extend the existing data base of such configurations. Principle 
configuration variables included; wind leading-and trai ling-edge flap deflec- 
tion, fuselage nose strakes, and engine exhaust nozzle deflection. 

The results of the investigation showed that deflecting the wing 
leading-edge apex flaps downward to suppress the wing apex vortices provided 
improved longitudinal stability but resulted in reduced directional stability. 
The model exhibited relatively low values of directional stability over the 
operational angle of attack range and experienced large asymmetric yawing 
moments at high angles cf attack. The use of nose strakes was found to be 
effective in increasing the directional Scaoility and eliminating the 
asymmetric yawing moment. 

The results of the investigation also showed that deflecting the plain 
trailing edge flaps fc ■ increased lift resulted in some desirable reductions 
in effective dihedral. However, the level of effective dihedral was still 



relatively high, and when coupled with inadequate lateral control, resulted 
in a crosswind landing constraint which limited the approach lift coefficient 
of the configuration. The use of s^imetric and differential thrust vectoring 
increased the lateral control capability, which resulted in relaxed crosswind 
landing constraints and increased approach lift coefficients. 

INTRODUCTION 

The National Aeronautics and Space Administration is currently 
investigating the aerodynamic characteristics of advanced supersonic cruise 
aircraft concepts. These conceptual designs typically incorporate a low 
aspect ratio highly swept arrow-wing. Although wind tunnel tests of such 
configurations indicate that high levels of aerodynamic efficiency may be 
obtained at transonic and supersonic speeds (see references 1 and 2), recent 
low-speed wind tunnel studies (see, for example, reference 3) have identified 
several deficiencies in the areas of low-speed performance, stability and 
control . 

The present investigation is part of a broad research program which is 
intended to provide detailed information on the static and dynamic stability 
and control characteristics of advanced supersonic cruise arrow-wing configura- 
tions at low speeds. The model used in the present static force tests was a 
light-weight, dynamically-scaled model which will be subsequently free flight 
tested in the Langley full-scale tunnel to provide a cijalitative evaluation of 
low-speed handling qualities. The model will also be used in forced 
oscillation tests to determine the dynamic stability derivatives for use in 
analytical stability and control studies. 
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Previous low-speed studies conducted with a geometrically similar large- 
scale model of the present configuration have been reported in reference 3. 

The present investigation was specifically intended to provide a preliminary 
assessment of: (1) revised leading-edge devices for improved longitudinal 

stability; (2) trailing-edge flap effectiveness and the effect of trailing-edge 
flap deflection on effective dihedral; (3) thrust vectoring of conventional 
undersiung engines for improved low-speed performance; (4) the effect of 
various airframe components on lateral-directional stability and (5) differen- 
tial thrust vectoring concepts used in conjunction with differential trailing- 
edge flap deflection for increased lateral control - 

The tests were conducted in the Langley V/STOL tunnel over an angle of 
attack range from about -5® to 25° for sideslip angles of 0° and ^5°. The 
tests were conducted at a Reynolds number (based on the mean aerodynamic chord) 
of about 2.5 x 10®. 


SYMBOLS 

The longitudinal data are referred to the wind system of axes, and the 
lateral -directional data are referred to the body system of axes as illustrated 
in figure 1. The moment reference center for the tests was located at 53.8 
percent of the wing mean aerodynamic chord. 

The dimensional quantities herein are given in both the International 
System of Units (SI) and the U.S. Customary Units, 

b wing span, m (ft) 

Cp drag coefficient, 

C|^ lift coefficient, 
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additional circulation lift* 
rolling -moment coefficient, • 

pitching-moment coefficient. 


lift due to additional flow circulation 
qS 

Rollinr moment 
qSl. 

Pitching moment 
qsc; 


yawing-moment coefficient, 
thrust coefficient, — 


side-force coefficient, ^ 


mean aerodynamic chord, m (ft) 

i^ horizontal -tail incidence, positive when leading-edge is up, deg 

2 

q free-stream dynamic pressure. Pa (Ibf/ft ) 

2 2 

S wing area, m (ft ) 

X,Y,Z body-axis coordinates 

a angle of attack, deg 

3 angle of sideslip, deg 

6- trai ling-edge flap deflection, positive when trailing is edge down, 

deg 

exhaust nozzle deflection (positive downward), deg 

83 

Cno= 9Cn 

Model Component Designations 
H horizontal tail 

L-| wing leading-edge apex flap (see figure 2(a)) 

L 2 leading-edge flap on outboard wing panel (see figure 2(a)) 
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tpt3»tg,tg wing trai ling-edge flap segments (see figure 2(a)) 
2 outboard vertical fins 

V3 centerline vertical tail 

centerline ventral fin 
WB wing>body combination 


MODEL 

The model used in the present investigation was a lightweight dynamically 
scaled model which will be used in subsequent wind tunnel free-f light tests 
and in forced oscillation tests. The dimensional characteristics of the 0.045 
scale model are listed in table I and shown in figure 2. A photograph of the 
model mounted for tests in the Langley V/STOL tunnel is presented in figure 3. 

Previous studies with a geometrically similar, large-scale model are 
reported in reference 3. The model of the present investigation differed 
slightly from the large-scale model. In particular, the present model 
incorporated revised leading-edge flaps (see figure 2(c) and 2(d) for 
COTiparison) intended to provide improved longitudinal stability characteris- 
tics. The present model also incorporated a forward shift in lower surface 
engine location (see figure 2(b) for comparison). The forward shift in engine 
location resulted in approximate alignment of the nozzle exhaust with the 
trailing-edge flap system, and was intended to determine if such an arrange- 
ment would be effective for developing additional circulation lift. 

The model wing consisted of an arrow planform with an inboard leading-edge 


sweep angle of 74°, a midspan sweep angle of 70.5°, and an outboard sweep of 
60°. The leading-edge apex flaps could be deflected from 0° to 30° and the 
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leading-edge of the outboard wing panel could be deflected from 0® to 45®, or 
replaced with a Krueger flap arrangement (see figures 2(c) and 2(d)). 

The model was equipped with four engine simulators which consisted of tip 
driven fans powered by externally supplied compressed air. The nozzle exhaust 
could be deflected using 20® elbow segments (see figure 2(b)), and the trail ing- 
edge flap system shown in figure 2(a) permitted deflection of the individual 
segments. 


TESTS 

Static force tests were conducted over an angle of attack range of -5° to 
25® for an angle of sideslip range -5° to +5°. The configuration variables 
associated with the wing-body-outboard vertical fin combination included; 
wing-apex leading-edge flaps, outboard wing-panel leading-edge flaps, and wing 
trai ling-edge flaps. Tests were also conducted to include the effects of; 
various airframe component combinations, control surface deflections, engine 
thrust coefficient, and engine exhaust nozzle deflection. 

Engine thrust coefficient was obtained from static calibration of engine 
thrust versus engine rotational speed. Power-on tests were performed for the 
model with a nominal value of thrust coefficient of 0.13, obtained by 
maintaining constant values of RPM. Power-off tests (Cj = 0) were performed 
with the engine simulators allowed to windmill. The unpowered tests were 
conducted at a Reynolds number (based on the mean aerodynamic chord) of 
approximately 2.5 x 10^. Due to engine-simulator thrust restrictions, power 
on tests (Cy = 0.13) were conducted at a Reynolds number of about 2.0 x 10^. 

In addition to the forgoing tests, a limited number of smoke flow 


visualization tests were conducted to aid in the interpretaton of the results. 
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PRESENTATION OF RESULTS 

A run schedule and a tabular listing of data are presented in the appendix. 
The results and discussion are presented in accordance with the following 


outline. 

Longitudinal Aerodynamic Characteristics Page I Figures 

Effect of wing leading-edge devices 7 4 

Effect of trai ling-edge flap deflection 9 6,7 

Effect of thrust vectoring 10 8 

Horitontal tail effectiveness 11 9,10 

Lateral -Directional Characteristics 

Effect of wing leading -edge devices 12 11 

Effect of trail ing-edge flap deflection 13 12 

Airframe component build-up studies 14 13,14 

Effect of fuselage fore body strakes 15 15,16,17,18 

Lateral Control Characteristics 

Aerodynamic lateral control effectiveness 18 19,20,21 ,22, 

23,24 

Effect of thrust vectoring 21 25,26,27 


RESULTS AND DISCUSSION 
Longitudinal Aerodynamic Characteristics 
Effect of wing leading-edge devices .- The longitudinal aerodynamic 
characteristics of the basic wing -body-outboard vertical fin combination 
(L-|=L 2 = 0) and the wing-body-outboard vertical fin combination with wing- 
leading edge devices def ted are presented in figure 4. The data show that 
for a < 5° the leading-edge devices tested had no effect on the longitudinal 
aerodynamic characteristics; and that for the moment reference center tested. 
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the wing -body-outboard vertical fin combination was about 4-percent unstable 
(i.e., 3C„,/3C|_ = 0.04). However, for a > 5° the instability of the basic 
wing -body-outboard vertical fin combination (L-| = L 2 = 0) increased markedly 
with increasing angle of attack. Past investigations (see. For example, 
references 3 and 4) have shown that such marked increases in the level of 
longitudinal instability are attributable to the formation of wing apex 
vortices and also to the stall of the outboard wing panels. References 3 and 
4 have also shown that deflection of the wing apex, and deflection of the 
leading-edge of the outboard wing panels, is effective in both reducing the 
magnitude of the instability and in delaying the angle of attack at which the 
instability occurs. The data of figure 4 show that deflecting the single 
segment apex flap 30° substantially reduces the marked non-linear variation of 
with and thus provides a stabilizing effect for angles of attacx above 
5°. During this phase of the investigation a limited number of smoke flow 
visualization tests were conducted. The smoke flow studies indicated that 
deflection of the apex flap was effective in reducing the intensity of the 
apex vortices; however, some vortex formation could still be observed. This 
result correlates well with measured data presented in figure 4, in that some 
increase in the level of instability is still present for the model with the 
apex flaps deflected. 

Figure 4 also shows the effect of deflecting the plain leading-edge flap 
of the outboard wing panel, and replacing this outboai^d leading-edge flap 
segment with a Krueger flap, (see figure 2(d) for details). The data of 
figure 4 indicate that both the plain leading-edge flap and the leading-edge 
Krueger flap provided a small favorable contribution to longitudinal stability 
at high angles of attack, and that the contribution of the leading-edge 
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Krueger flap was slightly greater than that of the plain leading edge flap. 
This result is attributable to the improvement in the flow conditions over 
the outboard wing panels. 

Figure 5 presents a comparison of longitudinal data obtained for the 
present model, with data obtained for the larger model reported in reference 
3. The model of reference 3 had a deflectable leading-edge apex flap system 
and a plain, permanently deflected, leading-edge flap on the outboard wing 
panel. As can be seen from figure 5, the data for the models are in 
relatively good agreement. The small differences shown are probably due to 
the slight differences in model geometry, and also to the difference in test 
conditions (i.e., Rj^ = 2.5x10^ versus = 5.17x10^). 

Effect of trai 1 inq-6-.ge flap deflection. - The segmented trai ling-edge flap 
system is sketched in figure 2(a). The angular deflection of the individual 
segments is described normal to the respective flap hinge lines. A trai ling- 
edge flap setting indicated as 6^ = 40°/30°/20° corresponds to a condition 
wherein the inboard t>^ailing edge flap segments (ty ) at deflected 40°, the 
mid-span segments (t^) are deflected to 30°, and the outer flap segments (tg) 
are deflected to 20°. 

Figure 5 presents the longitudinal aerodynamic characteristics of the 
wing-body-outboard vertical fin combination for various trai 1 ing-edge flap 
deflections. The data of figure 6 indicate that for a < 10°, deflecting the 
plain trail ing-edge flap from 0° to 30° results in essentially a linear 
increase in with increasing 6^. However, at higher angles of attack, or 
higher flap deflections, the effectiveness of the trail ing-edge flap system is 
reduced. The reduction in trailing-edge flap effectivness , which occurs at 
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high flap deflections and high angles of attack, is attributed to the separa- 
tion of flow over the trai ling-edge flap system. 

In order to provide some insight into the effectiveness of the individual 
trail ing-edge flap segments, tests were conducted in which the segments were 
deflected individually. Figure 7 summarizes the resulting increment in lift 
coefficient as a function of flap deflection for individual segments t^ , t^, 
and tg. From figure 7 it can be seen that the inboard trailing-edge flap 
segment (t^) is most effective in producing lift, and that the outboard 
trailing-edge flap segment (tg) is relatively ineffective. At present, the 
high sweep of the hinge line of segment tg 's thought to be responsible for its 
relatively poor lifting characteristics. It is of course recognized that the 
incremental values of lift coefficient presented in figure 7, will not 
necessarily sum to the total obtained by deflection of the entire trailing- 
edge flap system. However, the data of figure 7 are in qualitative agreement 
with the data of figure 6 and therefore are thought to be indicative of the 
relative effectiveness of the individual trailing-edge flap segments. 

Effect of thrust vectoring .- The discussion of reference 5 has indicat' i 
that the overall efficiency of the present configuration may be significantly 
improved by the application of propulsive-lift concepts which provide improved 
low-speed performance. Previous low-speed investigations (see reference 3) 
have included the use of a simple thrust vectoring arrangement wherein the 
exhaust flow of the conventional lower surface engines was deflected downward. 
The results of reference 3 indicate that due to the relatively far aft loca- 
tion of the exhaust nozzles, the increment in lift due to the thrust vectoring 
concept was limited to the vector component of the thrust force, and that no 
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additional circulation lift was developed. Therefore, to more nearly align 
the nozzle exits with the trailing-edge flap system, and thereby determine if 
such an arrangement would develop additional circulation lift, the underslung 
engines were moved forward of the location tested in reference 3 (see figure 
2(b) for comparison of engine locations). 




The longitudinal aerodynamic characteristics of the present configuration 
with the exhaust nozzles undeflected (6nj = 0°) and with the exhaust nozzles 
deflected (6^^ = 20°) are presented in figure 8. Analysis of the data of 
figure 8(a) indicates that for the undeflected exhaust nozzles, the increment 
in lift coefficient due to thrust effects is simply the vector component of 
the thrust force given by the expression 

AC|^ = Cj sin cl' (1 ) 

With the deflected exhaust nozzles, static calibration tests showed that the 
jet exhaust was deflected through the geometric nozzle angle. Analysis of the 
data of figure 8(b) indicates that very small values of additional circulation 
lift (C^^, p) are obtained. 


( 2 ) 


Cl,,^ Oil ™0, “C^sin (cc"^6.j) 

L r L I power L power T ' N' 
on off 

For example, at a = 10° Cp,p is computed to be about only 2-percent of the 
total lift. 

Horizontal tail effectiveness. - Figure 9 presents a comparison of the data 
obtained for the model with the horizontal tail off and on. From these data 
it can be seen that for angles of attack less than 10°, the horizontal tail 
provides only a small contribution to longitudinal stability. However, at 
higher angles of attack the horizontal tail does provide a somewhat greater 
stabilizing contribution. Figure 9 also shows that, as expected, thrust 
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affected the level of the tail-off pitching moment; however, it did not alter 
the horizontal tail effectiveness. 

The longitudinal control effectiveness, provided by deflecting the all 
movable horizontal tail through a range of tail incidences corresporaing to 
- 15°, is shown in figure 10. Although the horizontal tail tested was 
ineffective for providing longitudinal stability at low angles of attack, the 
data of figure 10 show that the horizontal tail does ,-rovide longitudinal 
control. Furthermore, the data indicated that the longitudinal control 
effectiveness remains fairly constant over the angle of attack range tested, 
and that the control effectiveness was not altered by thrust effects. It 
should be noted that the horizontal tail apparently did not stall over the 
range of conditions investigated, and thij^fore, even higher levels of longi- 
tudinal control may be obtained by increasing the horizontal tail incidence 
above the values considered herein. 

Lateral -Directional Character! sties 

Effect of wing leading-edge devices. - As mentioned in a previous section, 
deflection of the wing leading-edge apex flap, Lp and deflection of the 
lea(|^g-edge flap Ot the outboard wing panel, L 2 , resulted in a beneficial 
contribu^bn to longitudinal stability. 

Figure 11 shows the effect on the lateral -directional stability charac- 
teristics of deflecting the leading-edge apex flap, L-j, and the outboard panel 
leading-e-'ge flap, L 2 . The data of figure 11 show that the basic wing-body- 
outboard vertical fin combination (L^ = L 2 = 0) exhibits stable values of the 
directional stability derivative, Cn„ and that Cn,, increased with increasing 

P 9 P 

angle of attack. Consideration of the side force derivative, Cy^^ indicates 
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that the increase in directional stability (i.e., increased values of Cn^) with 
increasing angle of attack, originates from a body station forward of the 
moment reference center. This result has been observed for other highly swept 
a. row-wing configurations (see, for example, reference 4) and has been 
associated with the interaction of the wing apex vortices on the forward por- 
tion of the configuration. As can be seen from the data of figure 11, deflec- 
ting the wing apex flaps downward in order to suppress the wing apex vortices, 
and hence provide improved longitudinal stability, results in a reduction in 
directional statility. The data of figure 11 also show that deflecting the 
outboard panel leading -edge flap had no significant effect on directional 
stability, and that deflection of either the leading-edge apex flap or the 
outboard panel leading-edge flap had only slight effects on the effective 
dihedral derivative, for a < 15°. It should be noted that although the 
leading edge devices tested had only a slight effect on the level of 
at the higher angles of attack is relatively high. Previous simulation studies 
of similar arrow-wing concepts have indicated that such high levels of -C^ 
result in poor handling qualities and lateral control characteristics. 

Effect of trail inq-edqe flap deflection,- As pointed out in a previous 
section, the relatively high levels of -Ci^ exhibited by the model may lead to 

p 

handling qualities and lateral control problems. However, the results of 
reference 6 have indicated that reductions in -C^ may accompany increased 
trail ing-edge flap deflections. 

Figure 12 presents the variation of the effective dihedral derivative, with 
lift coefficient, for various trail ing-edge flap deflections. As can be seen 
from figure 12(a), increasing the trai 1 ing-edge flap deflection results in 
reduced levels of at a given lift coefficient. In order to determine if 
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the above result could be attributed to an Increased loading on the inboard 
portion of the wing, tests were conducted for nonuniform trailing edge flap 
deflections of 30°/0°/0° and 0°/40°/20‘*. These conditions were selected in an 
attempt to achieve as much variation of spanwise load distribution as possible. 
Figure 12(b) presents a comparison of the results obtained for the nonuniform 
trailing-edge flap deflections, with those obtained for 6^: = Z0°/2Q°/20°. The 
data show that these three trailing edge flap settings resulted in about the 
same variation of Cj^ with a, and also about the same variation of with 
For the trailing-edge flap conditions investigated, no effect on Cn^ was 
observed and hence the data are not presented. 

Based on the results presented in figure 12, it appears that the reduction 
in the effective dihedral (obtained at a constant C^) provided by increasing 
trailing-edge flap deflection, is associated with the reduction in angle of 
attack at which a given lift coefficient is obtained. Therefore, one possible 
means for further reducing the level of is through the development of an 
effective high lift system which will permit the desired lift coefficient to 
be achieved at reduced angles of attack. 

Airframe component build-up studies.- Figures 13 and 14 present the 
variation of the lateral-directional stability derivatives, with angle of 
attack, for various airframe component combinations. From the data of figure 
13 it can be seen that the outboard vertical fins and the centerline vertical 
tail provide a stabilizing increment to the directional stability derivative, 
over the normal operational angle of attack range. However, the contribu- 
tion of the outboard vertical fins to is reduced for angles of attack 
greater than 20°, anu the contribution of the centerline vertical tail to 
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is reduced for angles of attack greater than 10°. The data of figure 13 also 
show that the centerline ventral fin has no effect on the lateral -directional 
stability derivatives. 

Figure 14 shows the effect of the horizontal tail on the lateral-directional 
stability characteristics of the model. As can be seen from figure 14, at low 
angles of attack the addition of the horizontal tail (i^ = 0°) provided the 
model with a stabilizing increment to which is comparable to the increments 
provided by addition of either the outboard vertical fins or the centerline 
vertical tail. The increase in directional stability provided by the horizontal 
tail, for the model at low angles of attack, is probably due to the horizontal 
tail acting as an endplate for the vertical tail. It should be noted, however, 
that for angles of attack greater than about 14° the horizontal tail (i^ = 0°) 
is directionally destabilizing and resulted in the complete model exhibiting 
unstable values of for angles of attack from 16° to 22°. However, as also 
shown by figure 14, deflecting the horizontal tail to i^. = -15° resulted in an 
increase in (relative to the horizontal tail-off condition) over the angle 
of attack range tested. 

The data of figures 13 and 14 also show that the relatively high levels of 
-Cig, exhibited by the wing-body combination, arc only slightly influenced by 
other configuration components. 

Effect of fuselage forebody strakes.- As shown by the data of a previous 
section, the maximum value of the directional stability derivative, of 
the complete configuration was found to be only, about 0.001. Previous studies 
of similar configurations (see, for example, reference 7) have indicated that 
increased values of may be required. Of course, increases in Cf,g could be 
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provided by increasing the size of the vertical tail; however, this may be 
detrimental to the supersonic cruise performance. Therefore, to provide 
necessary information for future trade studies, the use of nose strakes (see 
figure 2(e) for geometric details) has been investigated. Figure 15 presents 
a comparison of the lateral-directional data obtained for the complete model 
with the nose strakes on and off. A-, can be seen, the particular nose strakes 
tested provided a substantial increase in the directional stability derivative, 
Cng. Furthermore, the increase in Cng is seen to be accompanied by increased 
values of Cy^, indicating that the stabilizing influence originates from the 
forward portion of the configuration. However, as indicated in reference 8, 
increased values of Cng originating from the nose may be accompanied by 
undesirable reductions in the damping in yaw. Therefore, additional tests are 
v'equired to assess the total effect of nose strakes on the dynamic stability 
characteristics of the configuration. 

In addition to the relatively low level of directional stability, -* 
model was also found to exhibit large out-of-trim yawing moments. Figure 16 
presents the lateral -directional characteristics obtained for the complete 
model at 6= 0°, for conditions with and without the previously discussed nose 
strakes. The data show that without nose strakes, extremely large asymmetric 
yawing moments occur for angles of attack greater than 15°. The data of 
figure 16 also show that when the strakes were added to the fuselage forebody, 
the asymmetry in yawing moment was virtually eliminated. Previous studies 
(see, for example, reference 9) have identified asymmetric displacement of 
vortex cores originating from long slender fuselage forebodies as one 
phenomena responsible for yawing moment asymmetries. A sketch of the flow 
field over the fuselage forebody, observed during smoke flow visualization 
16 



tests of the present inodel, is presented in figure 17. For the model without 
the nose strakes* the vortex cores eminating from the fuselage forebody were 
found to bi' asymnetrically dtsposed as sketched in figure 17(a). Addition of 
the nose st rakes apparently provides a well defined point of separation which, 
in tu'n, esulted in the symmetric vortex formation sketched in figure 17(b). 
Although this phenomenon is probably Reynolds number dependent, the investiga- 
tion reported in reference 10 has indicated that it may persist at full-scale 
Reynolds numbers. 

The efi'ect of the nose strakes on the longitudinal aerodynamic 
characteristics of the configuration is presented in figure 18. As can be 
seen, the particular strakes tested introduced an increased level of 
longitudinal instability for angles of attack above 5°. However, it should be 
noted tnat the strakes were solely intended to investigate potential improve- 
ments it directional characteristics. Therefore, additional study is required 
to defire the appropriate strake geometry which will provide the beneficial 
increase in and ^ iminate the yawing moment asymmetry, without the 
attendant increase in longitudinal instability. 

LATERAL CONTROL CHARACTERISTICS 

Previous arialytica studies of highly swept arrow-wing concepts have in- 
dicated that the lav . of adequate roll control, for providing lateral trim 
under steady-f ’ate crosswind landing condition, may impose added low-speed 
operationa' constraints. Therefore, during the present investigation tests 
were c. juctec to determirt the lateral control effectiveness provided by the 
ailerons and differential deflection of the trailing-edge flap segments, and 
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to assess the potential advantages of thrust vectoring concepts for providing 
increased roll control. It should be pointed out that the model used in the 
investigation was relatively rigid, and that the effects of elasticity have not 
been considered. 

Aerodynamic lateral control effectiveness.- The data of figure 7 have shown 
that the trailing-edge flap segment tg is relatively ineffective for providing 
lift; however, because of its geometric moment arm, segment tg has been found 
to be relatively effective for producing roll control. For example, figure 19 
shows the variation of the lateral -directional aerodynamic characteristics with 
angle of attack for the model using the outboard aileron (tg) and the combina- 
tion of outboard aileron and trailing-edge flap segment tg. As can be seen, 
segment tg provides approximately one-half the rolling moment produced by 
deflecting the outboard aileron (tg) alone. Figure 20 presents the correspond- 
ing longitudinal data for the configuration with the above lateral control 
conditions. Also presented in figure 20 are the data obtained for the 
symmetric, 6^ = 40°/40®/20® flap condition. As can be seen from comparison of 
the data of figure 20, the use of segment tg for lateral control results in 
only minor lift losses, indicating that segment tg may be used more effectively 
as an aileron than as a trailing-edge flap. 

In order to further establish the relative lateral control effectiveness of 
the Individual trailing-edge segments, tests were conducted wherein the segments 
were deflected individually. The results are sumnarized in figure 21 for an 
assumed approach angle of attack of 8®. It is of course recognized that the 
incremental values of rolling moment coefficient, provided by the individual 
segments, will not necessarily sum to the total obtained by deflection of 
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various segments in combination. However, comparison of the data of figure 19 
with results obtained by summation of corresponding data of figure 21 shows 
that good agreement does exist. Hence, the data of figure 21 may be considered 
to be representative of the lateral control capabilities of the present 
trai ling-edge system. 

Frail the data of figure 21 it can be seen that the variation of with 
deflection angle for segment tg is non-linear, thereby indicating that upwardly 
deflecting segment tg can produce a lift loss which is greater than the lift 
gain produced by a corresponding downward deflection of this segment. Since 
previous studies have shown that such segments are ineffective at deflections 
greater than 40°, and since it is desired that no lift losses accompany the 
lateral control provided, the data of figure 21 indicate that the maximum 
lateral control produced by segment tg would be about = 0.01. The data of 

figure 21 also show that the maximum lateral control provided by segment tg 
for -40° deflection would be = 0.006. Hence, for the assumed approach 
angle of attack of 8°, the lateral control provided by segments tg and tg would 
be limited to about = 0.016. However, as shown by figure 21, segments t^ 
and tg produce significantly higher levels of rolling moment than segments tg 
and tg, which suggests that utilizing surfaces t^ and tg as flaperons may 
substantially increase the lateral control available. 

Assuming that segment deflections greater than 40° will result in flow 
separation (as indicated by figures 6 and 7), then the total roll control 
available with minimum lift loss, using segments tg and tg as ailerons and 
segment t^ and tg as flaperons, is as follows: 
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tilts 

deg 

t'>t 

^1*^3 

deg 

Cl 

Cl 

Cl 

Total 

0 

- 40 

0.028 

0.016 

0.044 

10 

30 

0.021 



0.037 

20 

20 

0.014 



0.030 

30 

10 

0.007 



0.023 

40 

0 

0 

\ 

/ 

0.016 


If it is assumed that the lateral control available remains constant over the 
angle of attack range considered, then lines of constant lateral control 
available may be superimposed on the plot of C|_ versus 6^ as illustrated in 
figure 22. It should be noted that the longitudinal data presented in figure 
22 are obtained from figure 6, assuming that the lift contribution of segment 
tg is negligible. 

The roll control required for lateral trim under crosswind conditions may 
be obtained from the expression 

Cl = (3) 

where the values of C|g are a function of lift coefficient and flap deflection 
(see figure 12). The sideslip angle, 6, is by definition 

0 = sin~^_y_ (4) 

V 

vhere v = crosswind velocity, and V is the approach speed which is assumed to 
be a 'unction of C|^ only. 

V =Jw/S . 2 /pCl (5) 

Therefore, for a given approach lift coefficient, flap deflection and crosswind 
velocity, equation 3 defines the lateral control required. Superimposing the 
lateral control required on the plot of lateral control available, and plotting 
the locus of points for which the lateral control available equals the lateral 
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control required, results in the lateral control constraint illustrated in 
figure 23. From figure 23 it can be seen that for an assumed approach angle of 
8°, the requirement for lateral trim in a 30 knot crosswind would limit the 
approach lift coefficient to values of about 0.5. Although increases in 
approach C|^ would be provided by reducing the crosswing velocity (see figure 
23), the 30 knot crosswind constraint is considered to be consistent with 
current design practice. 

In order to more clearly demonstrate the relationship between crosswind 
velocity and approach lift coefficient (or approach speed) the results of 
figure 23 are presented as a nomogram in figure 24. From figure 24 it can be 
seen that desirable reductions in approach speed would be accompanied by an 
increasingly restrictive crosswind constraint. 

It is of course recognized that the above results are for a lateral 
control system of outboard ailerons and differential trailing-edge flaps, and 
that other sources of lateral control may allow the crosswind constraint to be 
relaxed. One concept is to provide increased trailing-edge flap effectiveness 
(for example with the use of propulsive-lift concepts). Increased trailing- 
edge flap effectiveness would, of course, provide increased lateral control; 
moreover, it would permit increased lift to be obtained at a given angle of 
attack, which, as indicated previously, will provide reduced levels of -Ci„ 

P 

at a given value of Cj^. The reduction in will of course result in 
reduced levels of required lateral control. 

Effect of thrust vectoring.- As indicated in the previous section, the 
development of propulsive lift concepts may allow the crosswind constraint 
to be relaxed. As an illustration, the 30 knot crosswind constraint calculated 
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for the configuration employing symmetric thrust vectoring is compared with the 
constraint for the basic configuration in figure 25. As can be seen from com- 
parison of figures 25(a) and (b), the use of symmetric thrust vectoring would 
result in an increase in approach lift coefficient from about .5 to about 0.55. 
The increase in approach lift coefficient, provided by symmetric thrust 
vectoring is due to: (1) the previously mentioned reduction in at a 

given lift coefficient, which results in a reduction in lateral control required, 
and (2) an increase in aileron (differential flap) deflection available, due to 
reduced symmetrical flap deflection required to achieve a given 

In order to investigate the use of differential thrust vectoring as a 
possible means for providing further increased lateral control, tests were 
conducted wherein the outboard exhaust nozzles were deflected 20® differentiaS ly 
from the undeflected condition. Figure 26 presents the rolling moment coeffi- 
cient produced by the differential thrust vectoring and also presents the 
values of rolling moment coefficient which would be directly attributable to 
differential inclination of the thrust produced by the outboard engines. The 

calculated value of rolling moment coefficient is computed from the expression 

Yi 

C\ = -^ Cj sin (6) 

As would be expected (based on the longitudinal results obtained from symmetric 
thrust vectoring tests) the experimental and calculated results are in 
relatively good agreement. However, it is interesting to note that the 
calculated rolling moment coefficient somewhat underestimates the experimentally 
determined values. This result is probably due to the upwardly deflected 
engine exhaust acting as a spoiler, and hence providing a slight increase in 
lateral control. 
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If it is assumed that -20® differential thrust vectoring of all four 
engines may be superimposed on 20® of symmetric thrust vectoring, then for 
Cj = 0.13 an incremental rolling moment coefficient of 0.009 is computed from 
equation 6. The increase in lateral control, provided by differential thrust 
vectoring, further relaxes the lateral control constraint as illustrated in 
figure 27. Hence for the conditions considered (i.e.,a= 8® and a 30 knot 
crosswind) the approach lift coefficient could be increased to 0.6. 

It should be noted that the particular thrust vectoring concept investiga- 
ted produced only limited additional circulation lift and therefore, is seen 
to require. substantial deflection angles to achieve the lateral control shown 
in figure 27. However, it may be possible to reduce these required deflections 
and further relax the lateral control constraint through the use of alternate 
propulsive-lift concepts which do produce substantial levels of additional 
circulation lift. 


SUMMARY OF RESULTS 

The results of low-speed wind tunnel tests of an advanced supersonic cruise 
arrow-wing configuration may be summarized as follows: 

1. Deflection of thewing leading-edge apex flaps downward to suppress 
the wing apex vortices, and hence provide improved longitudinal 
stability, results in a reduction in directional stability. 

2. For a < 10®, deflecting the entire plain trail ing-edge flap 
system from 0® to 30° resulted in essentially a linear increase 

in with 6.^. However for a > 10°, or 6^ > 30°, the effectiveness 
of the plain trailing-edge flap system was reduced. 
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3. For the particular configuration tested, the increment in lift provided 
by thrust vectoring was essentially limited to the vector component of 
the thrust forces. 

4. The horizontal tail tested was effective in providing longitudinal 
control over the angle of attack range tested. However, the 
horizontal tail provided only a small contribution to longitudinal 
stability for a < lO". 

5. Increasing the trailing-edge flap deflection resulted in a 
reduction in -C|g at a given lift coefficient. This result is 
apparently due to a reduction in angle of attack at which the given 
lift coefficient is obtained. 

6. The outboard vertical fins and the centerline vertical tail provided 
a stabilizing increase in Cno over the normal operational angle of 
attack range. The addition of the horizontal tail provided a 
substantial increase in Cfio at low angles of attack. 

p 

7. The use of nose strokes was found to provide a significant increase in 
Crio and to eliminate large asymmetric yawing moments at high angles 

P 

of attack; however, the particular strakes tested were longitudinally 
destabilizing. 

8. The high levels of effective dihedral, and inadequate lateral control 
exhibited by the model, resulted in a 30 knot crosswind landing 
constraint which would limit the approach lift coefficient of the 
configure' ion to about 0.5. 

9. The use of symmetric and differential thrust vectoring resulted in 
increased lateral control which provided relaxed crosswind landing 
constraints and permitted increased approach lift coefficients. 
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TABLE I.- DIMENSIONAL CHARACTERISTICS OF MODEL 


Wing (aspect ratio of 1.72): 

Area, (ft^) 2.067 (22.25) 

Span, m (ft) 1.89 (6.20) 

Root chord, m (ft) .2.515 (8.252) 

Tip chord, ra (ft) 9.242 (0.794) 

Mean aerodynamic chord, m (ft) 1.557 (5.109) 

Leading-edge sweep, deg - 

At body station 1.275 ra (4.184 ft) 74 

At body station ».758 m (15.609 ft) 70.5 

At body station 6.238 m (20.615 ft) 60 

Vertical tail: 

Area, (ft") 0327 (.352) 

Span, m (ft) 171 (.562) 

Root chord, m (ft) 0732 (.240) 

Leading-edge sweep, deg 59 

Vertical fin (two): 

Area, (ft^) 084 (.90558) 

Span, ra (ft) 0.147 (0.484) 

Root chord, ro (ft) 0.499 (1.637) 

Tip chord, m (ft) 0.071 (0.2331) 

Leading-edge sweep, deg 73.4 

Horizontal tail (aspect ratio of 1.39): 

Area, (ft^) 140 (1.613) 

Span, ra (ft) 457 (1.499) 

Root chord, m (ft) 540 (1.772) 

Tip chord, ra (ft) 116 (0.380) 

Leading -edge sweep, deg 43 

Dihedral, deg -15 





(a) Three-view sketch of model. Dimensions ire given in miters and parentheticilly In feet. 



yyb = 0.274 


y/b = 0.161 



Undeflected exhaust nozzle 



Deflected exhaust nozzle 


(b) Sketch of nacelles and engine simulator 


Figure 2. -Continued 


Two segment system tested in ref. 3 




(c) Sketch of leading edge apex flap system 


Figure 2 - Continued 



(d) Sketch of outboard wing -panel leading edge flaps. 
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Figure 3. - Photograph of model mounted for 




Figure 4. - Effect of wing leading edge devices on the longitudinal aerodynamic 
characteristics of the wing - body - outboard vertical fin combination. 
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Figure 6. - Effect of traiiing*edge deflection on longitudinal aerodynamic 

characteristics of the wing -body -outboard vertical fin combination. 
Li = 3(f, l 2 = 45® Krueger, Ci; = 0. 
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(a)6p=0 (b)6n = 20 

Figures. - Effect of thrust and thrust vectoring on iongitudinai aerodynamic 

characteristics of the wing - body - outboard vertical fin combination. 
Li = 30, l 2 = 45®Krueger,6f =40°/40°/20°. 
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Figure 9. - Horizontal tail effectiveness and affects of thrusL 
Li = 3(f. L2 = 45° Krueger, 6f = «f/40°/2(f. 
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Figure 11. - Effect of wing leading edge devices on 
the lateral - directional aerodynamic 
characteristics of the wing -body out- 
board vertical fin combination. 6| = (f. 
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(a) Uniform trailing edge deflection 

Figure 12. - Effect of trailing edge flap deflection on the effective dihedral of the wing -body 
outboard vertical fin combination. Lj = 30®, L 2 = 45®Krueger, Cj = 0. 
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(b) Non-uniform trailing edge deflections. 


Figure 12. - Concluded. 
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Figure 13. - Variation of lateral -directional stability 
derivatives with angle of attack. L, = 30** 
L 2 = 45*Krueger, 8f = 40“/40°/20° ‘ 

Cj = 0. 
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L " Effect of horizontal taif on lateral - 
directional stability derivatives. 

Lj = 30®, I2 = 45® Krueger, 6f = 40®/40®/20® 

Cj = 0. 
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Figure 15. - Effect of nose strakes on lateral-directional 
stability derivatives of the complete model 

Li = 3(T, L 2 = 45° Krueger, 6f = 4O°/4(f/20°, 
Cj=0. 
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Figure 16. - Variation of the laterai -directional 
characteristics with angle of attack, 

WB-Vi^ 2 -V 3 -H, Li = 3(f , L 2 = 45° 

Krueger, 6 f = 40°/40°/20° , Cj = 0, p = (f. • 






Figure 17. - Sketch of observed vortex flow. 






Figure 19. - Effect of lateral control surface deflection on lateral directional 

characteristics of complete model Li = 3(f , L 2 = 45® Krueger, Cj = 0, 


MflJ 
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Figure 20. - Effect of lateral co 
characteristics 








Figure 21. - Effectiveness of individual trailing - edge 
flap segments for roll control, a = 8l°. 





Figure 22. - illustration 




Figure 23. - Illustration of lateral control constraint 




Figure 24. - Nomogram of 6f , Cl, and approach speed versus crosswind 
velocity capability, a = 8°. 
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Figure 25. - Effect of thrust vectoring on lateral control constraints. Ct = 0. 13. 
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Figure 26. - Rolling moment produced by differential thrust vectoring 
of the outboard engines. 6# = 4(r/4(f /2(f /, Cj = 0. 13, 
6n = 2(f/0P/(f/-2(f. 
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6f,deg 

Figure 27. - Effect of differental thrust vectoring on lateral control constraint Cj = 0. 13. 



APPENDIX - PRESENTATION OF TABULATED DATA 


The symbols used in the data tabulation are defined as follows: 

ALPHA Angle of attack, deg 

BETA Angle of sideslip, deg 

CO Drag force coefficient; stability axis 

CL Lift force coefficient; stability axis 

CPM Pitching moment coefficient; stability axis 

CRM Rolling moment coefficient; body axis 

CSF Side force coefficient; body axis 

CYM Yawing moment coefficient; body axis 

Q Free stream dynamic pressure, (Ibf/ft ) 



TABlfA-1. -TEST PROGRAM. 
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TABLf A-ir.‘ CONTINUED 
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